Human T-cell leukemia virus type 1 (HTLV-1) is a complex retrovirus associated with the lymphoproliferative disease adult Tcell leukemia/lymphoma (ATL) and the neurodegenerative disorder tropical spastic paraparesis/HTLV-1-associated myelopathy (TSP/HAM). Replication of HTLV-1 is under the control of two major trans-acting proteins, Tax and Rex. Previous studies suggested that Tax activates transcription from the viral long terminal repeat (LTR) through recruitment of cellular CREB and transcriptional coactivators. Other studies reported that Rex acts posttranscriptionally and allows the cytoplasmic export of unspliced or incompletely spliced viral mRNAs carrying gag/pol and env only. As opposed to HIV's Rev-responsive element (RRE), the Rex-responsive element (RxRE) is present in all viral mRNAs in HTLV-1. However, based on indirect observations, it is believed that nuclear export and expression of the doubly spliced tax/rex RNA are Rex independent. In this study, we demonstrate that Rex does stimulate Tax expression, through nuclear-cytoplasmic export of the tax/rex RNA, even though a Rex-independent basal export mechanism exists. This effect was dependent upon the RxRE element and the RNA-binding activity of Rex. In addition, Rex-mediated export of tax/rex RNA was CRM1 dependent and inhibited by leptomycin B treatment. 
L
ike all other retroviruses, human T-cell leukemia virus type 1 (HTLV-1) has limited genetic information restricted by the small size of its genome. To overcome its small genome while reducing its dependency on the host cell machinery, HTLV-1 has evolved many strategies, including ribosome frameshifts, overlapping reading frames, complex alternative splicing patterns, reverse-sense RNA transcripts, and posttranslational processing/ modifications of viral proteins which ascribe distinct functions to them. Early observations of the existence of three major viral RNAs expressed in HTLV-1-infected cells, i.e., gag/pol, env, and tax/rex RNAs, led to the hypothesis that Rex positively regulates gag/pol and env RNAs while concomitantly reducing the abundance of the tax/rex RNA (25) . Hence, HTLV-1 replication has been thought to be regulated by Tax and Rex proteins (14, 27) , though evidence suggests that additional viral proteins may also play an important role during the virus replication cycle (5, 32) .
Tax interaction with CREB family members and coactivators (CBP, P300, and PCAF) results in a high-molecular-weight complex with high affinity for binding to and transactivating the viral long terminal repeat (LTR) (15, 23, 26, 30) . Rex has at least three domains that are important for its functions: an arginine-rich region important for binding to the Rex-responsive element (RxRE) (8) ; a region required for multimerization of Rex, a step required for assembly onto the RxRE (6, 9) ; and a leucine-rich nuclear export signal that interacts with the nuclear export receptor, CRM1 (17, 19) . The ability of Rex to regulate expression of the gag and env structural genes posttranscriptionally is rigorously dependent on the presence of the RxRE in the 3=-LTR sequence. In HTLV-1, the mRNA 3= cleavage site is not positioned 10 to 30 nucleotides downstream of the highly conserved polyadenylation AAUAAA hexamer motif but is located more than 250 nucleotides upstream of the actual pre-mRNA cleavage site. This is surprising, as prior studies have shown the rigid requirement for close spacing of these elements for efficient use of the poly(A) site. Binding of Rex to its RxRE stabilizes a secondary structure that spatially juxtaposes the separated AAUAAA hexamer and GU-rich elements and promotes the stable binding of PF2 and CF1 that commits this poly(A) site to 3= processing. Rex is thought not only to regulate mRNA transport from the nucleus to the cytoplasm (3, 22) but also to inhibit splicing, increase the stability of mRNAs, and/or enhance translation of incompletely spliced mRNAs (16); these functions of Rex appear to be regulated by phosphorylation (1, 2) .
In contrast to the positive regulation exerted by Tax and Rex, we previously found that HTLV-1 p30 negatively regulates the relative amount of tax/rex mRNA in the cytoplasm (31) . Thus, Rex and p30 viral proteins have opposite effects on viral production. Rex increases genomic and structural (Gag and Env) as well as enzymatic (reverse transcriptase, protease, and integrase) RNA transport, thus increasing virus production. p30, in contrast, decreases virus production by decreasing Rex and Tax function through a posttranscriptional mechanism. Additional studies also found that binding of p30 to Rex prevents Rex-RxRE interactions, impeding its nuclear export function (35) . In addition, p30 interacts efficiently with Rex only when p30 is bound to RNA. Since p30 can interact with the tax/rex but not gag/pol or env mRNA, these data explain why p30 is able to prevent tax/rex nuclear export and why p30 has little or no effect on other viral mRNAs (35) .
The data presented here challenge the current dogma regarding Rex dependency of tax/rex RNA for expression. In this study, we found that Rex does bind to the RxRE to stimulate tax/rex mRNA export to the cytoplasm, in a CRM1-dependent manner, and to increase Tax expression.
MATERIALS AND METHODS
Plasmids. The envelope-LTR sequence, amplified by PCR from CMV-env-LTR (kindly provided by C. Pique), was cloned into the pcDNA3.1(Ϫ) vector (Invitrogen) between the XbaI and EcoRI sites. After replacing the XbaITthIIII fragment in the pcDNA3.1(Ϫ) env-LTR vector with the XbaI-TthIIII fragment from RLTK-tax/rex (31), the CMV-tax/rex-LTR vector was generated. Site-directed mutagenesis of the CMV-tax/rex-LTR vector was used to generate a Rex-deficient CMV-tax/rex-LTR vector [CMV-tax/rex-LTR (RexϪ)]. The ATG for Rex was mutated to AGG. The pc-Tax plasmid and all pc-Tax-derived mutants (M22, M47, and K88) have been reported previously (23, 36) . A Rex-deficient pc-Tax plasmid [pc-Tax (RexϪ)] was constructed using site-directed mutagenesis. The mutagenic primers were rexmF (5=-G ACTCCTCAAGCGAGTAGCCCAAGACCCGTCGGAG-3=) and rexmR (5=-CTCCGACGGGTCTTGGGCTACTCGCTTGAGGAGTC-3=). The CTG in pc-Tax was mutated to TGA, a stop codon. The primers for Rex were RexF (5=-CCCAAGCTTCCATGCCCAAGACCCGTCGG-3=) and RexR (5=-TTTGAATTCGAGGGGCAGGAGGGG-3=). Rex and Rexlys (a Rex mutant with lysine substitutions) were amplified from pc-Rex and pc-Rexlys by using PCR (21) and were cloned into the pMH vector (Roche), which provides a hemagglutinin (HA) tag at the C terminus. HTLV-1 LTR-Luc, pCMV-XRE-CAT, pHTLV-Rex1L, and pHTLV-XMT have been described previously (10, 13, 20) . The HTLV-LTR-Luciferase vector was constructed by inserting the HTLV-1 LTR into the pGL3-basic vector (Invitrogen).
Cell culture, transfections, and luciferase assays. The 293T cell line was maintained in Dulbecco's modified Eagle's medium (Invitrogen) supplemented with 10% fetal calf serum (FCS) (Atlas Biologicals, Fort Collins, CO), 100 units of penicillin/ml, and 100 g of streptomycin/ml (Invitrogen). MT-2 cell lines were maintained in RPMI 1640 medium supplemented with 10% FCS (Atlas Biologicals), 100 units of penicillin/ ml, and 100 g of streptomycin/ml (Invitrogen). All transient-transfection assays were performed using PolyFect (Qiagen) according to the manufacturer's instructions. For dual transfection, 50 ng of RLTK vector was added to each transfection mixture to control for transfection efficiency and toxicity. Luciferase assays were performed with a dual-luciferase assay system (Promega). Transfected cells were harvested and lysed in 1ϫ passive lysis buffer. The relative luciferase units were measured using luciferase assay reagent II (Promega) according to the manufacturer's instructions. The Student t test was used to calculate P values for all experiments.
Western blots. 293T cells were lysed in radioimmunoprecipitation assay (RIPA) buffer (50 mm Tris-Cl, pH 7.5, 150 mm NaCl, 1% Nonidet P-40, 1% sodium deoxycholate, 0.1% SDS) containing Complete protease inhibitor (Roche Diagnostics). Cell lysates were prepared by centrifugation at 12,000 ϫ g for 10 min at 4°C. Lysates were subjected to SDS-PAGE and electrotransferred to polyvinylidene difluoride (PVDF) membranes (Millipore, MA). Blots were incubated with mouse anti-Tax monoclonal antibody, rabbit anti-Rex polyclonal antibody, and goat anti-␤-actin followed by appropriate horseradish peroxidase-conjugated secondary antibodies. For detection of proteins containing the HA tag, the blots were incubated with horseradish peroxidase-conjugated mouse anti-HA 3F10 monoclonal antibody (Roche). All blots were developed using chemiluminescent reagents (Supersignal; Pierce).
RNA preparation and quantitative real-time RT-PCR. Total RNA was prepared from 293T cells by use of TRIzol reagent (Invitrogen). Cytoplasmic RNA was prepared as previously described (29) . After DNase I treatment, the RNA was reverse transcribed and the cDNA was used for PCR and real-time PCR. The PCR primers RPX3 (5=-ATCCCGTGGAGA CTCCTCAA-3=) and RPX4 (5=-AACACGTAGACTGGGTATCC-3=) were used for tax/rex RNA, and primers LTR2 (5=-CCTACCTGAGGCC GCCATCCACGCGGTTG-3=) and USDR1 (5=-CTATAGAATGGGCTG TCGCTGGC-3=) were used for gag/pol RNA. Real-time reverse transcription-PCR (RT-PCR) was performed using RT 2 SYBR green qPCR master mix (SA Bioscience) with the following primers: LTR2, tax/rexR (5=-GG AAGTGGGCCATGGTG-3=), GADPH F (5=-GAAGGTGAAGGTCGGA GTC-3=), and GADPH R (5=-GAAGATGGTGATGGGATTTC-3=). The expression of tax/rex was normalized to that of GAPDH.
RNA immunoprecipitation. 293T cells were transfected with the p-HTLV-1XMT molecular clone, its counterpart ablated for Rex expression (pHTLV-Rex1L), or pcDNA. Transfected and MT-2 control cells were lysed in NP-40 lysis buffer containing protease and phosphatase inhibitors as well as RNase inhibitors (RNAseOut) and ribosyl complexes. Equal amounts of proteins were immunoprecipitated at 4°C overnight, using a Rex rabbit antiserum. Protein A/G agarose was added for 2 h, and protein-RNA complexes were pulled down by centrifugation, washed with NP-40 buffer, and extracted with TRIzol. Equal volumes were then used for one-step RT-PCR using primers specific to gag/pol or tax/rex RNA.
RESULTS
In HTLV-1, the Rex-responsive element (RxRE) is present at the 3= end of all viral mRNAs. To date, it remains unclear how the interaction of Rex with RxRE is regulated to result in selective Rex-dependent export of some but not other viral mRNAs. Since increased Rex expression has been found to result in increased gag/pol RNA and decreased tax/rex RNA, it was proposed that Rex does not regulate tax/rex RNA cytoplasmic export. However, these observations cannot exclude effects on RNA splicing and stability in addition to the nuclear-cytoplasmic RNA export function of Rex. In fact, there are some reports that Rex can control the expression of HTLV-1-spliced mRNAs as well as the cDNA corresponding to the doubly spliced mRNA encoding the x-II open reading frame (ORF) product Tof, which was shown to be strictly Rex dependent (12) .
To determine whether the presence of the RxRE sequence is sufficient to confer Rex responsiveness to tax/rex mRNA expression, we constructed the CMV-tax/rex-LTR vector (Fig. 1A) . This vector allows constitutive, Tax-independent expression of the viral tax/rex mRNA. The RNA produced truly mimics the natural tax/rex spliced mRNA product, with a flanking 3= U3R LTR sequence. In addition, this vector has the advantage of allowing the study of Rex-mediated export uncoupled from Rex's effects on splicing. To characterize our vector, we compared the plasmids CMV-Tax (also known as pc-Tax and referred to as such from this point forward) and CMV-tax/rex-LTR, which differ by the presence of the viral LTR (Fig. 1A) . The same amount of each vector was analyzed in transient-transfection assays. We found that the presence of a 3=-LTR sequence significantly reduced the amount of Tax protein expressed (Fig. 1A) . Unexpectedly, pc-Tax, described as a Tax-only expression vector, was found to express both p27Rex and p21Rex proteins (Fig. 1C) .
After careful examination, we discovered that the SphI site used to delete the Rex ATG codon resulted in the creation of an in-frame leucine codon (Fig. 1B) , which was used for initiation of translation under the strong cytomegalovirus (CMV) promoter. In support of this observation, all previous Tax mutants (M22, M47, and K88) generated using pc-Tax as a backbone were found to express significant amounts of p27Rex and p21Rex proteins (Fig. 1C) . Although p21Rex shares the carboxy terminus of p27Rex, it is deprived of the nuclear/nucleolar targeting signal and the RNA-binding motif. Since the aim of this study was to study the effect of p27Rex on the tax/rex mRNA, we used site-directed mutagenesis to eliminate the p27Rex initiation codon from pcTax and from CMV-tax/rex-LTR. Tax expression was then demonstrated by Western blot analyses after transfection of 293T cells ( Fig. 2A and C) or by transactivation assays using an HTLV-1-LTR-Luciferase reporter vector (Fig. 2B and D) . The absence of Rex expression from the mutated CMV-tax/rex-LTR vector was confirmed by Western blotting ( Fig. 2A and C) . While removing p27Rex from pc-Tax had no effect on Tax expression as measured by Western blotting or luciferase values ( Fig. 2A and B) , Tax expression and activity from the CMV-tax/rex-LTR vector decreased when Rex was mutated ( Fig. 2C and D) .
The results of these studies suggest that Rex does not affect Tax transactivation or protein stability ( Fig. 2A and B) and, as previously suggested (28) , that the presence of the 3=-LTR sequence generates a posttranscriptional block that can be alleviated by Rex expression. Our results also suggest that a small fraction of tax/rex RNA can be expressed in the complete absence of Rex, since CMVtax/rex-3=LTR (RexϪ) still expressed a little of the Tax protein (Fig. 2C ). This may have important implications, since both Tax and Rex are expressed from the same mRNA and because some Tax is needed to initiate viral replication after infection.
We then reasoned that if tax/rex mRNA expressed from CMVtax/rex-LTR is Rex dependent, then adding exogenous Rex should increase Tax expression. For these experiments, we transfected the CMV-tax/rex-LTR (RexϪ) vector along with increasing amounts of Rex (Fig. 3A) . Our data indicated a dose-dependent increase in Tax as measured by transactivation of the HTLV-1-LTR-Luciferase plasmid (Fig. 3A) . This effect was specific to the CMV-tax/rex-LTR (RexϪ) vector, since Rex alone had no effect and increasing amounts of Rex did not affect luciferase values obtained using pc-Tax (data not shown). Rescue of Tax expression by Rex was also demonstrated by Western blotting after transient transfection of 293T cells. Our results showed that the Tax protein level expressed from the CMV-tax/rex-LTR (RexϪ) vector was rescued by exogenous Rex to levels similar to those with the CMV-tax/rex-LTR vector (Fig. 3B) . Rex posttranscriptional functions rely upon its RNA-binding activity on the RxRE present in the 3=-LTR. The arginine-rich basic domain comprising amino acids 1 to 19 of the Rex protein has been shown to be required for efficient binding to the RxRE (4). To gain some insight into the mechanisms involved in Rex-mediated rescue of Tax expression from CMV-tax/rex- LTR, we used a Rex mutant (Rexlys) in which the RNA-binding motif (Arg stretch) was replaced with lysines to conserve the charge, since this region is also a nuclear/nucleolar localization signal. This mutant has previously been shown to be localized like wild-type Rex but is unable to interact with the RxRE and unable to support RxRE-mediated export of HTLV-1 RNAs. Our results demonstrated that Rexlys did not increase Tax expression from CMV-tax/rex-LTR, as shown by luciferase and Western blot assays ( Fig. 3C and D) . Together, these data demonstrate that the effect of Rex on Tax expression from the CMV-tax/rex-LTR vector requires Rex RNA-binding activity, and they suggest a posttranscriptional effect.
Since the pcRex vector was found to express both p27Rex and p21Rex, we next investigated if p21Rex affected p27Rex functions. Since both p27Rex and p21Rex are recognized by the same Rex antiserum used in this study, we performed Western blot analyses to estimate the relative levels of these proteins expressed in MT-2 and MT-4 HTLV-1-transformed cells as well as from pcRex or CMV-tax/rex-LTR following transient transfection of 293T cells. Results from these experiments indicated that p27Rex was expressed in great excess relative to p21Rex (Fig. 4A) . MT-4 cells have a mutated Rex protein coding sequence with an early termination codon after amino acid 138, which deletes part of the multimerization domain.
We next investigated whether p21Rex can export RxRE-bearing RNA or interfere with p27Rex-mediated export. Our results clearly demonstrate that p21Rex cannot export RNA from the nucleus to the cytoplasm (Fig. 4B ) and does not affect p27Rex export function even when overexpressed at suboptimal physiological levels (Fig. 4C) . Our results contradict a previous paper suggesting that p21Rex may inhibit p27Rex (24) . In that study, the authors used a 4-to 10-fold excess of a p21RexGFP expression vector in order to see an effect on p27Rex-mediated export. Clearly, such conditions are not physiological given the results presented in Fig. 4A showing that HTLV-1-transformed cells express p27Rex at a large excess relative to p21Rex. Under our experimental conditions, even with an excess of p21Rex, there was no effect on p27Rex. It is possible that a large excess of p21Rex fused to green fluorescent protein (GFP) acts differently from our p21Rex vector.
To further investigate the effect of Rex on the tax/rex RNA, we transfected 293T cells with pCDNA, the wild-type HTLV-1 molecular clone pHTLV-1XMT, or pHTLV-1XMT mutated to abolish the expression of Rex (pHTLV-Rex1L). The absence of Rex expression from pHTLV-Rex1L was confirmed by transienttransfection, immunoprecipitation, and Western blot analyses (Fig. 5B) . Our data confirmed the absence of Rex expression from this molecular clone and suggested that mutation of the Rex Met initiation codon to Leu has a different outcome that is context and promoter dependent (compare expression of Rex from pc-Tax and pHTLV-Rex1L) ( Fig. 1 and 5B). We next investigated the ability of Rex to interact with the tax/rex mRNA by using RNA immunoprecipitation (RNA-IP) assays. For these experiments, specific primers were used to amplify tax/rex or gag, used as a control because numerous reports have established that gag RNA is posttranscriptionally regulated by Rex. Following formaldehyde cross-linking, Rex was immunoprecipitated with a Rex rabbit antiserum and bound RNA detected by RT-PCR. While gag RNA bound to Rex was readily detected, we also found a fraction of the tax/rex RNA bound to Rex. Importantly, no amplification was seen when we used an HTLV-1 molecular clone not expressing Rex, and similar results were also obtained with MT-2, an HTLV-1-replicating transformed cell line (Fig. 5A ). These data demonstrate that Rex does indeed interact with the tax/rex mRNA.
Several studies have established that Rex-mediated nucleocytoplasmic export of viral RNA requires binding to human chromosomal region maintenance 1 (hCRM1; also known as exportin 1 [XPO1]) (18), a member of the importin family, in collaboration with a GTP-bound form of the small G protein Ran (Ran-GTP). The complex formed by Rex, hCRM1, Ran-GTP, and the viral mRNA containing the RxRE is then transported to the cytoplasm. Leptomycin B (LMB), an antifungal antibiotic, has been reported to act as a specific inhibitor of CRM1-mediated RNA export (29, 33) . As expected, either Rex or leptomycin B had a limited effect on the amount of total tax/rex RNA expressed from the CMV-tax/ rex-LTR plasmid (Fig. 5C ). However, exogenous Rex expression significantly increased the cytoplasmic amount of tax/rex RNA expressed from CMV-tax/rex-LTR (Fig. 5D) . Western blots for beta-actin were performed to control for general toxicity of LMB treatment (Fig. 5C and D) . Our results were specific to Rex posttranscriptional functions, as the use of leptomycin B efficiently decreased the amount of cytoplasmic tax/rex RNA in a dose-dependent manner, by more than 50% (Fig. 5E) . Altogether, our results demonstrate that Rex interacts with the RxRE-containing tax/rex RNA to facilitate its CRM1-dependent cytoplasmic export.
DISCUSSION
Based upon indirect evidence, it has long been accepted that the tax/rex mRNA is Rex independent for its nuclear-cytoplasmic export and expression. In this study, we demonstrate that this concept is imprecise, showing that the tax/rex mRNA is largely dependent upon Rex expression for efficient RNA export and Tax expression and that p21Rex has no significant effects on p27Rex RNA export functions. We constructed a vector to express tax/rex cDNA under the control of a CMV promoter and a 3=-LTR. Our design allows study of tax/rex mRNA expression and export in a Tax-independent manner. In addition, this construct contained the RxRE and allowed us to uncouple splicing and export to study the posttranscriptional effect of Rex on nuclear-cytoplasmic export of viral RNA.
Our results clearly demonstrated that in the absence of Rex, tax/rex RNA was exported to the cytoplasm less efficiently, resulting in smaller amounts of Tax protein expression. These effects were dependent on the presence of the RxRE, inasmuch as Rex had no effect on the same cDNA when the 3=-LTR sequence was replaced by the simian virus 40 (SV40) polyadenylation signal. We also demonstrated that the RNA-binding activity of Rex was required, since a Rex mutant (Rexlys) unable to interact with the RxRE had no significant effect on tax/rex export and could not increase Tax expression. These results were confirmed and extended to tax/rex RNA expressed in a physiological context by use of HTLV-1 infectious molecular clones or HTLV-1-transformed MT-2 cells. In both situations, RNA-IP assays demonstrated binding of Rex to the tax/rex RNA with natural expression of viral components. Moreover, a molecular clone deleted for Rex expression was used as a control and displayed no interactions, confirming the specificity of our observations. Finally, consistent with previous studies that showed a requirement of CRM1 for HTLV-1 Rex export functions, the use of leptomycin B, an inhibitor of CRM1, abolished Rex-mediated export of tax/rex RNA. Altogether, these compelling data demonstrate that HTLV-1 tax/rex mRNA is in fact Rex dependent for export and expression of both the Tax and Rex proteins. Tightly controlled regulation of tax/rex RNA expression is essential for HTLV-1, since high expression of these proteins appears to be toxic to newly infected cells and stimulates the expression of viral antigens. Along these lines, the posttranscriptional repressor HTLV p30 prevents export of the tax/rex RNA and may play an essential role in maintaining a balanced expression of Tax and Rex. However, the function of p30 in repressing viral gene expression presents an apparent conundrum. Although it is essential for HTLV-1 to reduce its expression to evade immune clearance, "true" latency would not benefit the virus, which in its early stages needs some viral gene expression to transmit virus to neighboring cells, alter cell cycle checkpoints, alter DNA repair, and extend the life span of infected cells, thus facilitating transformation.
Interestingly, our data obtained using the CMV-tax/rex-LTR (RexϪ) vector reconcile this paradox. We found that a small fraction of tax/rex RNA is exported to the cytoplasm and expressed independently of viral proteins. This suggests either a leaky export of viral RNA or that cellular factors can stimulate export, albeit inefficiently, of incompletely spliced RNA to the cytoplasm. This step is critically important, since initiation of virus replication requires some Tax and Rex proteins, and in the absence of Rexindependent export, infection would be abortive and lead to latently infected cells unable to replicate the virus. Our studies suggest that expression of Tax and Rex is largely Rex dependent. This is in sharp contrast to the case for HIV. In the HIV genome, the Rev-responsive element (RRE) is not placed in the 3=-LTR and is spliced out from some viral mRNAs, including the RNA encoding Tat and Rev (34) . We think that this stratagem may have important implications for the establishment of latency and virus reexpression. Along these lines, it may be easier for HTLV-1 to hide but more difficult for it to reinitiate the virus cycle.
It has long been known that simple retroviruses, such as Mason-Pfizer monkey virus (MPMV) and avian leukemia viruses (7, 11) , use a constitutive transport element (CTE) to allow nuclear export of incompletely spliced viral RNA. If a cellular protein/ pathway is involved in Rex-independent export of tax/rex RNA, additional studies are warranted, since it may offer a target for manipulating HTLV-1 latency and either preventing de novo infection and virus spread or uncovering virally infected cells for presentation to the host immune system.
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